Introduction
applied the method of Jachens and Moring (1990) to invert the isostatic gravity anomaly for the thickness of the Cenozoic sediments throughout the Bay Area. The inversion uses gravity observations made directly on basement and sediments and assumes a single density-depth function within the Cenozoic basins. The inversion also assumes vertical faults and cannot resolve overthrust geometries within the basins. They combined this sedimentary model with a geologic model of the major faults in the region to determine a 3D model that extends down to the Moho. By assigning velocity gradients to the basin fills and the bedrock blocks, they were able to assemble the first complete 3D Vp and Vs velocity model for the Bay Area.
The Brocher et al. (1997) 3D model is a remarkable product, and it has performed well as a 1 st order model for seismic velocities in the Bay Area. However, the models for the Cenozoic basins depend explicitly on the average density-depth and velocity-depth functions determined by Brocher et al. (1997) and Tiballi and Brocher (1998) from industry borehole wells that were largely sited in the Livermore and San Pablo basins. Recently, we have re-picked and re-inverted 10 refraction lines shot by the USGS in the Bay Area from 1980 to 2003. The velocity cross-sections obtained from these refraction lines allow us to recalibrate the Brocher et al. (1997) velocity model. Figure 1 shows the seven most recent refraction lines, along with the cutout volumes from the 3D model that we used for comparison. The black bars locate the cross-sections where we show direct comparisons of the models, with the Figures for these comparisons labeled.
Method of Comparison
The object of this report is to estimate the depths to the 1.0, 1.5, and 2.5 km/s S-wave velocities beneath the strong motion stations in the Bay Area. from the Brocher et al. (1997) model. In general, the S-wave velocities in the Brocher et al. (1997) model are generated from the P-wave velocities, which are prescribed as functions of depth in four different volumes. To calibrate the Brocher et al. (1997) estimates, we first determine that Vp velocities of 3.2 and 4.4 km/s correspond to Vs velocities of 1.5 and 2.5 km/s. We also find that we cannot resolve the Vs = 1.0 km/s horizon from the P-wave refraction results because of the marked variation of Vp/Vs between near-surface soil and rock. Then we compare the depths to these Vp velocities from the Brocher et al. (1997) model against the P-wave refraction results recently obtained by Catchings (see Addendum). In general, the Brocher et al. (1997) model is slower than the refraction models. We derive corrections for the Brocher et al. (1997) model that are linear functions of depth, and use these corrections to revise the depths to the Vs = 1.5 and 2.5 km/s horizons beneath the strong motion stations.
Figure 2 compares S-wave velocities obtained by Catchings et al. (2004) for the line running from Los Gatos to downtown San Jose to the cutout of the Brocher et al. (1997) model. The comparison is masked where the ray coverage is sparse. The contour lines show 1.0, 1.5, and 2.5 km/s S-wave horizons from the refraction results, while the colored background indicates the same S-wave velocities in the Brocher et al. (1997) model. The fit of the 1.5 km/s horizon with the green-orange boundary is quite good, although the Brocher et al. (1997) model is almost always deeper.
In contrast, the fit of the 2.5 km/s boundary is poor and spatially variable. We assume that this misfit results from the lack of resolution of the deeper sections of the basins in the Brocher at al. (1997) model. This lack of resolution occurs for two reasons. First, the isostatic gravity anomaly from these sections is weaker because the density difference between the deeper sediments and the basement is smaller, and second, any consistent misfit of the assumed density function in the shallow section will project into a larger misfit in the deeper section.
Unfortunately, the Los Gatos line is the only refraction line on which Swaves could be picked and inverted. To incorporate the velocity structure obtained from the other refraction lines, it is necessary to compare P-wave velocities. For this comparison, we choose P-wave velocities of 2.4, 3.2, and 4.4 km/s as analogs to the S-wave velocities of 1.0, 1.5, and 2.5 km/s.
Our choice of Vp = 2.4 km/s as the analog for Vs = 1.0 km/s is derived by averaging Vp's that correspond to Vs =1.0 km/s from the shallow borehole results compiled by Boore (2003) , shown in Figure 3 . We note, however, that this result applies to shallow rock layers rather than buried sedimentary layers, for which Brocher et al. (1997) used the relation shown at the top of the plot. The marked difference between rock and sediment Vp/Vs, coupled with the sparse sampling of the Vp = 2.4 km/s horizon in the refraction lines obviates correcting the Vs = 1.0 km/s horizon from the Brocher et al. (1997) model using the P-wave refraction results. Figure 4 . We note that while the P-wave velocity of 3.2 km/s yields a good overall fit to the S-wave velocity of 1.5 km/s, the Vp/Vs ratio varies systematically along the eastern segment of this line.
Figures 5-9 show the comparison of the refraction P-wave velocity horizons with the P-wave velocities in the Brocher et al. (1997) model for the other cross-sections. Figure 5 shows the line across the Evergreen Basin that was shot in May 2003. The correspondence to the west of the basin, in the saddle underlying San Jose, is excellent, while the fit to the east is weaker. The Los Gatos and Evergreen lines, shot in 2000 and 2003, are the most densely sampled lines, with receivers at 50 m spacing. This dense spacing of receivers yields an excellent resolution of the near-surface velocity structure.
The receiver spacing for the 1991-1993 lines was about 1 km, which is significantly coarser than the 50 m spacing for the later lines. This coarse spacing yields a much poorer resolution of the near-surface velocity structure. Figure 6 shows an extreme example of this lack of resolution, for the so- Further north, on either side of San Pablo Bay, the P-wave horizons in Figure 7 are in much better agreement, although the refraction lines do not image the deeper basin structure inferred from the gravity inversion. The masked area in the middle of the cross-section underlies San Pablo Bay, where a set of OBS instruments failed to record usable signals.
The eastern section of the Cross-Bay line, shown in Figure 8 , is the only cross-section where the 4.4 km/s P-wave velocity obtained by the refraction line is clearly deeper that estimated by Brocher et al. (1997) . The low velocities associated with the Livermore basin appear to start as far west as the Hayward fault. However, the 3.2 km/s contour is still shallower than the Brocher et al. (1997) estimate, reaffirming our choice of this intermediate velocity as the most stable marker.
Finally, the western section of the Cross-Bay line is shown in Figure 9 . Here the refraction profile does not see the bedrock velocity contrast that Brocher et al. (1997) incorporate across the San Andreas fault. Equally surprising is the apparent basement saddle that underlies the southern San Francisco Bay, on the right of the cross section.
Adjusting the Brocher et al. (1997) Model
To estimate depths to the 1.5 km/s S-wave horizon, we will adjust the Brocher et al. (1997) ( ) estimates where they were above the elevation of the free surface. These misestimates result from the lack of resolution of the near-surface velocities and the smoothing of the tomographic inversion.
The simple linear parameterization as a function of depth in equation (1) corresponds adequately with the velocity-depth functions assumed by Brocher's et al. (1997) . Figure 10 
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Similarly, regressing z In addition, we have estimated the depth to these horizons directly from the refraction data for those stations within 5 km of a refraction line. More than half (71 out of 133) of the stations are sufficiently close to a refraction line to directly estimate the depth to the Vp = 3.2 and 4.4 km/s horizon. However, for 58 of these 71 stations, the Vp = 3.2 km/s horizon was determined from the tomographic inversions of the P-wave arrival times to be above the elevation of the station. These misestimates are generally derived for the stations near the Peninsula, East Bay, and Cross Bay lines, and result from the lack of resolution of near-surface velocities and the smoothing of the tomographic inversion. We consider these estimates of z R 3 2
. to be relatively weak and leave the EXCEL element empty.
Finally, in Table 2 , we compile estimates of the depth to the Vs = 1.0 and 1.5 km/s horizons for seven strong motion stations that are sufficiently close to boreholes that penetrate to these velocities. We also indicate the number of the borehole assigned by Boore (2003) . Unfortunately, there are no direct comparisons of depth to Vp = 3.2 km/s from refraction lines and borehole estimates of depth to Vs = 1.5 km/s. In general, the Brocher et al. (1997) estimate of the depth to Vp = 3.2 km/s for these stations was 0.64 km, which we have corrected to 0.39 km. This estimate appears quite deep, relative to these borehole sites underlain by shallow rocks, but we presume that the requirement that the boreholes directly sample Vs = 1.0 km/s material introduces a strong sampling bias. We note, as well, that this compilation may be incomplete, as it is derived from Boore's (2003) compilation of borehole velocity results, and does not include all the borehole velocity structures that have been obtained in the Bay Area.
Conclusions
We have compared the velocities in the Brocher et al. (1997) (2). The column labeled (Brchr dZ(3.2)) contains the uncertainty in km obtained from equation (3). Similarly, the second column labeled as (Brchr Vp) contains the P-wave velocity in km/s for the horizon whose depth is given in the following (Brchr Z No estimates of the depth to the Vp = 3.2 km/s horizon were available for these stations. Finally, the column labeled (Distance from Line) contains the offset of the station from the refraction line. used to correct the depths from the Brocher 3D model.
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